The Three Gorges Reservoir region suffers from severe soil erosion that leads to serious soil degradation and eutrophication. Interrill erosion models are commonly used in developing soil erosion control measures. Laboratory simulation experiments were conducted to investigate the relationship between interrill erosion rate and three commonly hydraulic parameters (flow velocity V, shear stress τ and stream power W). The slope gradients ranged from 17.6% to 36.4%, and the rainfall intensities varied from 0.6 to 2.54 mm·min -1 .
INTRODUCTION
In recent decades, soil erosion by water is considered to be a great environmental problem in the Three Gorges Reservoir region of China (Peng et al., 2015) . Owing to the thin and loose soil layer, numerous rainstorms and unreasonable land use, there have been serious soil degradation and eutrophication in this region. Average soil loss rates in the Three Gorges Reservoir region have reached 2741 t km -2 year -1 , with approximately 3440 km 2 subjected to a soil erosion rate of over 8000 t km -2 year -1 (Long et al., 2012) .
According to the source of eroded sediments, soil erosion by water is usually divided into two parts: rill and interrill erosion (Meyer and Wischmeier, 1969) . Interrill erosion plays an important link between rainfall and concentrated flow (Issa et al., 2006) . Hence, it is essential to establish a interrill erosion model to assist in making decisions on soil erosion control. Many physically based erosion models, originally developed for a particular area, are viable for estimating interrill erosion rate, including the ANSWERS model (Beasley and Huggins, 1982) , the WEPP model (Water Erosion Prediction Project) (Nearing et al., 1989) , the EUROSEM model (European Soil Erosion Model) (Morgan et al., 1998) , and LISEM model (the Limburg Soil Erosion model) (De Roo et al., 1994) . Process-based models contain more parameters and demand a large amount of data to verify. By contrast, experience models are simple and easy for calibration . The frequency of rainfall, reflecting the raindrop impact, had been used in predicting interrill erosion rate (Nearing et al., 1989) . Kinnell (1993) suggested that factors such as runoff rate and slope could be used for calculating interrill erosion rate. Numerous studies have confirmed this finding. (Qian et al., 2016; Wei et al., 2009) . The exponents of factors varied in different models. Meyer (1981) observed that rainfall intensity exponent decreased with the increase of soil clay content. Zhang (1998) suggested that the exponent of slope gradient was two thirds. This conclusion is in ageement with report of Bulygin et al. (2002) .
As soil erosion by water is largely determined by flow hydraulic characteristics, commonly, concepts were derived from river sediment dynamic theory and applied to interrill erosion. The hydraulic parameters often used to predict interrill erosion rate are flow velocity, shear stress and stream power Qian et al., 2016) . Interrill erosion rates are also well correlated with the power functions of flow velocity, shear stress and stream power (Ding and Huang, 2017; Fan and Wu, 1999; Wu et al., 2017) . Some studies have shown that stream power is superior to shear stress and flow velocity in predicting interrill erosion rate (Wu et al., 2017) .
Although many models have been used to predict interrill erosion rate, it was unclear for technicians how to choose an appropriate model for purple soil region. Kinnell and Cummings (1993) observed that the runoff process and the associated erosion response are related to soil properties. There is no existing expression that can handle the entire range of data (Govers, 1992) . Purple soil is widely distributed in the Three Gorges Reservoir region. In addition, most of the researches were carried out on relatively low slopes (less than 26.8%), whereas the farmlands on the Three Gorges Reservoir area are distributed almost entirely across steep slope land. Liu et al. (1994) determined that equation could result in a large error when extrapolation exceeds the range of slopes. Hence, we focused on steep slopes, which are characteristic topographies on the Three Gorges Reservoir area, in combination with dif-ferent rainfall intensities and with purple soil as the test soil. The main objectives of this study are: (i) to quantify the production mechanism of runoff and sediment during the interrill erosion process; (ii) to investigate the relationship between interrill erosion rate and hydraulic parameters; (iii) to compare commonly used interrill erosion models, as well as develop more precise equations for predicting interrill erosion rate of purple soil regions.
MATERIAL AND METHODS Study area
Soil samples were selected from WangJiaQiao watershed, which is located in the Three Gorges Reservoir (31°5′N to 31°9′N, 110°40′E to 110°43′E). It has a subtropical monsoon climate with an annual mean temperature of 18℃. Mean annual precipitation is 1016 mm, of which more than 70% occur between May and September. Slope gradients within the watershed range from 3.5% to 160.0% with an average of 42.4%. The vegetation mainly consists of secondary coniferous and broadleaved mixed forest. The research area is an agricultural watershed where a large number of disturbed soil slopes are constructed in agricultural, construction and other activities.
Three slope gradients (17.6%, 26.8%and 36.4%) were selected to represent sloping farmland on gentle, mild and steep slope, respectively. Soil samples were taken from 0-40 cm soil layer of sloping cropland. To remove impurities such as stones and grass, the air-dried soil samples were sieved through a 5 mm mesh. The soil has been developed from purple sandy shale. Selected purple soil was classified as Entisols based on US Soil Taxonomy. The physicochemical properties of the selected soil were measured by standard methods (ISSAS, 1978) . The particle size distribution was determined using the pipette method, and bulk densities were determined using 250mL cylinders. Aggregate size distribution was measured by dry and wet sieve (Kemper and Rosenau, 1986) . The stability of soil aggregate was represented by the mean weight diameter (MWD) (Yan et al., 2008) :
where x i is the average diameter of the i level, w i is the weight fraction of aggregates at the i level, and i stands for the 7 size levels. The pH value of soil was estimated using pH probe in 1:2.5 soil-water mixture. Soil organic matter (OM) was measured by the K 2 Cr 2 O 7 wet oxidation method. Cation exchange capacity (CEC) was determined by the ammonium acetate method. The physical and chemical properties of the soil are given in Table 1 .
Experiment setup
Experiments were conducted in the soil erosion laboratory of the Institute of Changjiang River Scientific Research, Wuhan City, China. A slope adjustable soil flume was used in this study that is: 3 m (length) × 1 m (width) × 0.5 m (depth), with perfo- rated drains at the drain bed. The soil flume was structured with metal sheets and the slope gradient ranges from 0.0% to 46.6% with adjustment step of 8.7%. A "V" -shape trough was inserted at the soil surface and via plastic pipes, into a surface runoff collection container ( Figure 1 ). The soil flumes were packed using the method by Römkens et al. (2002) . First of all, a 0.02-0.03 m sand layer was filled for adequate drainage. Then the subsequent layer from 0.03-0.15 m was packed carefully with soils of size 0-4 mm. A 0.4 m surface layer was packed into the soil flume in 0.05 m increments. The soil was evenly distributed on the flume, punned with a wood brick and hands, and adjusted to a uniform surface. The rainfall simulator system, which includes three sets of oscillating TSPT-X type nozzles described by Römkens et al. (2002) , was used to apply precipitation with different intensities. By adjusting the nozzles aperture and water pressure, this rainfall simulator system can be set at any selected rainfall intensity, ranging from 0.33 to 5.00 mm min -1 . The installation height of the nozzles was 3 m. The diameter of raindrops ranged from 0.2 mm to 2 mm, and the median raindrop diameter was 0.8 mm, with uniform rainfall variation (>85% of raindrop diameters were <1.0 mm). The kinetic energy distribution of raindrops was 55.7-137.6 J m -2 h -1 . Since high-intense (>50 mm h -1 ) and short-duration rainstorms cause the most severe soil erosion, five rainfall simulations (0.6, 1.1, 1.61, 2.12 and 2.54 mm min -1 ) were conducted in this study. Every test was performed varying rainfall intensity but with a fixed rainfall volume of 50 mm. Rainfall duration was controlled by the intensity. The rainfall duration was 20, 24, 31, 45, and 83 min, and the corresponding rainfall intensity was of 2.54, 2.12, 1.61, 1.1 and 0.6 mm min -1 , respectively, following a similar method as Ding and Zhang (2016) . The water used for rainfall simulation was deionized water. Before each rain simulation, a known amount of rainfall was sprayed to minimize the differences in antecedent soil moisture. Surface runoff was collected in the bucket. Runoff samples were sampled and measured every 3 min. Sediment samples were deposited from the water, and then ovendried at 105℃ for 12 h to calculate sediment concentration. Three replicates were performed on each treatment, and the means values were applied in all analysis.
Determination of hydraulic parameters and interrill erosion rate
Flow depth was measured vertically by a level probe (SX40, Chongqing Hydrological Equipment Factory) with a precision of 0.01 mm. For each test, three measured sections were set: 1.0, 2.0 and 3.0 m, respectively, from the upper edge to the lower edge of the plot. In each position, three flow depths were measured in left, right and center with three replicates. Surface flow velocities (V s ) were measured using the dye method in which three measurement positions were set along the flow direction with 1 m interval. In the dye tracer technique, potassium permanganate solution was used to measure the surface flow velocities. A small amount of dye was injected into the runoff at the top of the flume, and a digital watch was used to measure the travel time of the leading edge of the dye cloud along the 1 m of the flume. In addition, the leading edge of the dye cloud can be visually observed, which leads to some errors in the measurement of travel time (Dunkerley, 2003) . The mean flow velocity (V) was calculated by the product of surface flow velocity (V s ) and a reduction coefficient (n). For laminar flow, transition flow and turbulent flow, n is 0.67, 0.70 and 0.80, respectively (Abrahams et al., 1986) .
Hydraulic variables such as the Reynolds number, shear stress and stream power were calculated based on the flow rate, measured flow depth and velocity as follows :
where, Re is the Reynolds number, which is a dimensionless parameter used for describing the flow hydraulic characteristics, the Reynolds number were from 48.98 to 392.92 in this study; V (m·s -1 ) is the mean flow velocity; h (m) is the measured mean depth of flow; m ν (m 2 ·s -1 ) is kinematic viscosity coefficient of silt-laden flow, which was calculated using (Sha, 1965) :
where, ν (m 2 ·s -1 ) is the kinematic viscosity, which was calculated by the relation of ( )
is the water temperature; S ν (%) is the volume of sediment concentration and d 50 (mm) is the median size of the sediment particle;
where, τ (Pa) is the shear stress, ρ (kg·m -3 ) is the mass density of water; g (m·s -2 ) is acceleration of gravity; S is slope gradient (m·m -1 ); and
where W (kg·m -1 ) is the stream power, which reflects the impact of slope and flow rate on erosion (Huang, 1995) .
No rill erosion was initiated during the simulated rainfall experiment. Interrill erosion rate was given by:
where, D i (kg·s -1 ·m -2 ) is the soil loss rate of interrill areas, T (s) is the sampling time, M s (kg) is the weight of sediments in the sampling time, L (m) is the length of the flume and W (m) is the width of the flume. Five commonly used interrill erosion models were used to predict interrill erosion rate on purple soil slope. The equation and source of selected models are described in Table 2 .
Data analysis
Data analyses included the analysis of variance (ANOVA) and regression analysis. An analysis of variance was utilized to compare the runoff and soil loss rates of different treatments and the least significant difference (LSD) method in the probability of 0.05 was used to distinguish the statistical difference between different treatments. Two-way ANOVA was used to examine rainfall and slope factors related to flow hydraulics and erosion responses. The performance of the proposed models was evaluated by using the coefficient of determination (R 2 ) and Nash-Sutcliffe model efficiency (ME). The values of R 2 and ME were calculated as follows:
where R 2 is the coefficient of determination, O i are the (Zhang et al., 1998) 2/3 1 1/2 D i is the interrill erosion rate (kg m -2 s -1 ), K i is the soil erodibility (kg m -4 s), I is the rainfall intensity (m s -1 ), Q is the average runoff rate (m s -1 ), S is slope gradient (m m -1 ), and S f is a slope adjustment factor given by: , where θ is the slope gradient of the plot. measured values, O is the average of the measured values, P i are the predicted values, P is the average of the predicted values. ME is the Nash-Sutcliffe model efficiency (Nash and Sutcliffe, 1970) , an ME value indicates that the residual variance of relative size compared to the measured values of variance [good (ME > 0.8), acceptable (0.4 < ME < 0.8) and unacceptable (ME < 0.4)] .
RESULTS AND DISCUSSION Runoff and erosion response
Significant differences were found on surface runoff volume and soil loss rates among different treatments (Figure 2 ). Surface runoff varied from 35.9 to 40.5 mm, 32.7 to 41.0 mm and 36.1 to 41.7 mm as rainfall intensity increased from 0.6 to 2.54 mm·min -1 for slope gradients of 17.6%, 26.8% and 36.4%, respectively. The surface runoff amount and the difference were greater in the experiments with the steep slope gradients (26.8%, 36.4%) compared with the low slope gradient event. Obviously, on a steeper slope, the ponding time was shorter, the flow velocity was higher and the surface infiltration decreased more quickly (Chaplot and Le Bissonnais, 2003; Fang et al., 2015) . These are likewise the reasons why Fox et al. (1997) found runoff amount increased with slope gradient on mobile beds.
Under the experimental conditions, soil loss rates ranged from 0.09 to 2.87 g·m -2 ·s -1 (Figure 2) . For all slopes, the soil loss rate increased with the increase of rainfall intensity, indicating positive interactions between rainfall intensity and slope.
Higher soil loss rates meant greater erosion potential, which suggested that soil loss could be greater for steep slopes in a short duration, high intensity rainfall if sediment transport capacity was not limited to the runoff transport on steep slopes (Foster and Meyer, 1975) . In order to find out the factors affecting hydrological and erosion response, two-way ANOVA was conducted ( Table 3 ). The results showed that soil loss rate, flow velocity and Reynold number were statistically correlated to rainfall intensity and interactions between rainfall intensity and slope. Nevertheless, surface runoff was statistically independent of slope and rainfall intensity.
Modeling interrill erosion rate using hydraulic parameters
Numerous studies have shown that hydraulic parameters can be used to calculate the rate of interrill erosion (Guo et al., 2013; Nearing et al., 1999) . In this study, the soil loss rate of interrill areas were plotted with these three hydraulic parameters to establish prediction models (Figures 3, 4, 5 ). Fig. 3 shows the interrill erosion rate was a positive linear correlation with flow velocity (v), which is expressed as in Eq. where, D i (kg·s -1 ·m -2 ) is the soil loss rate of interrill areas, V (m s -1 ) is the mean flow velocity. The determination coefficient of Eq. (9) was 0.843 (good: R 2 > 0.8), which implied that D i was directly related to V and P-value <0.01 indicated that D i was Fig. 2 . Surface runoff volumes and soil loss rates for different slope gradients and rainfall intensities. For each treatment, means with the same lower-case letter are not significantly (p < 0.05, least significant difference) different. significant correlated to V (significant: P < 0.05); The high model efficiency (ME) value in Eq. (9) showed a good agreement between the predicted and measured values (good: ME > 0.8). Thus, the linear flow velocity models could be used to predict the interrill erosion rate. Similar results were also point-ed out by Guo et al. (2013) . However, Wu et al. (2017) found that D i could be calculated as a power function of V. The difference in results may be ascribed to two reasons. (1) Flow velocity was susceptible to the range of slope, the maximum slope gradient in this study were 36.4%, but the slope gradient of Wu et al. (2017) ranged from 12.23% to 46.63%, thus slope range differences resulted in the difference between D i and V.
(2) Soil surface roughness can influence runoff generation and flow velocity, which are similar to the results of many previous studies (Ding and Huang, 2017; Gomez and Nearing, 2005; . Fig. 4 shows the interrill erosion rate had positive linear relationships with shear stress (τ ), which is expressed as in Eq. 
where D i (kg·s -1 ·m -2 ) is the soil loss rate of interrill areas, τ (Pa) is the shear stress. The determination coefficient of Eq. (10) was 0.721 and the model efficiency (ME) value was 0.721, which implied that for the selected intensities and slopes, the consistency between predicted and measured values was low. Thus, shear stress did not predict interrill erosion rate well.
In the view of definition, that flow shear stress is proportional to the product of the flow depth and slope gradient, showing that D i must be sensitive to slope and flow depth (Wang et al., 2016) . However, soil detachment rate was statistically independent of slope gradient in our study, so shear stress did not seem to be a good predictor for interrill erosion rates. Fig. 5 shows the interrill erosion rate had positive linear relationships with stream power (W), which is expressed as in Eq. 
where D i (kg·s -1 ·m -2 ) is the soil loss rate of interrill areas, W (kg s -3 ) is the stream power. The determination coefficient of Eq. (11) was 0.862 (good: R 2 > 0.8), which implied that D i was directly related to W and P-value <0.01 indicated that D i was significant correlated to W (significant: P < 0.05). The high model efficiency (ME) value in Eq. (11) showed a good agreement between the predicted and measured values (good: ME > 0.8). The result indicated that for the purple soil at the scale of runoff plot, interrill erosion rate could be predicted using the linear stream power models. The result was consistent with Cao et al. (2015) for unpaved roads. Stream power characterizes the influence of topography and runoff in process-based erosion models Huang, 1995; Nearing et al., 1997) . The determination coefficient (R 2 ) and the model efficiency (ME) value of Eq. (11) were higher than the other two hydraulic parameters, which implied that stream power was the best predictor of D i (R 2 = 0.862, ME = 0.862), followed by flow velocity (R 2 = 0.843, ME = 0.843) and shear stress (R 2 = 0.721, ME = 0.721).
Modeling interrill erosion rate using equations of the multiplication of factor type
Corresponding to equations of the multiplication of factor type adopted in this study, the zero-intercept linear regression analysis was conducted for the five models (Table 4 ). Regression equations, determination coefficients and model efficiency were shown in Table 4 . D i by rainfall increases as rainfall intensity increases, the relationship is well described by a power function equation (Model 1), which is expressed as: where D i (kg·s -1 ·m -2 ) is the soil loss rate of interrill areas and I (m s -1 ) is the simulated rainfall intensity. The comparison of measured and predicted D i showed a high level of agreement between predicted and measured values (Fig. 6) . Generally, rainfall intensity, reflecting the magnitude of rainfall kinetic energy impacts, plays a dual role in interrill erosion process (Flanagan and Nearing, 1995; Zhang and Wang, 2017) . In this study, surface runoff accounted for 67.2-85.4% of total rainfall, indicating that the generation of surface runoff was accelerated.
With the increase of rainfall intensity and slope, the shear stress and flow velocity induced by rainfall increase, which in turn aggravated soil loss (Assouline and Ben-Hur, 2006; Fang et al., 2015; Zhang and Wang, 2017) . Thus, runoff and slope gradient are also the main factors affecting soil loss, which should be expressed in the erosion model. After including the runoff and slope gradient exponents, the equations (Models 2, 3, 4, and 5) show a higher accuracy in predicting the steep slopes of purple soil loss. The further comparison of the selected models (Models 2, 4, and 5) indicated that the slope exponents varied from 0.67 to 1, which were smaller than the convex curvilinear slope factor in Model 3. The performance of model 3 was better than the other three models implied that the slope factor of convex curvilinear was superior to linear and power factors in characterising the role of slope. The exponent of runoff in Models 2, 3 and 4 were 1, which were more than the exponent (0.5) of runoff in Model 5. Models 4 and 5 in Table 2 were basically the same in addition to the different values of runoff factor. The high R 2 values of Models 4 and model 5 indicated that both linear and power factors had enough precision in characterizing the role of runoff. Among the five selected models, model 3, which was proposed by Flanagan and Nearing (1995) , was the most effective in predicting the interrill erosion rate on purple soil slope. Meanwhile, Model 3 was used in the Water Erosion Prediction Project (WEPP) model for soil loss predicting from interrill areas. Soil erodibility in the WEPP model was considered to be constant, while runoff rate varied in response to changes between rainfall intensity and slope gradient. Therefore, in the field application, it was necessary to establish a large number of field observation stations to study the process of runoff generation on purple soil slope. Molina et al. (2007) found that runoff generation was also affected by land cover and soil management. Generally, in practical applications, soil properties, rainfall intensity, topography, vegetation cover, and land use should be considered. According to the formulation of the WEPP model, the coefficient of Model 3 is the interrill erodibility (Flanagan and Nearing, 1995) , which was calculated as 0.332×10 6 kg·m -4 ·s in Table 4 . This value was close to the interrill erodibility (0.4×10 6 kg·m -4 ·s) that was calculated by Cao et al. (2015) in clay loam soil forest. Meanwhile, the interrill erodibility in model 3 was less than that of forest road surface (1.35×10 6 kg·m -4 ·s) and red soil of masson pine forest (1.18 × 10 6 kg·m -4 ·s) (Cao et al., 2015; Foltz et al., 2009) . This implies that the purple soil slope surface is harder to erode. However, the risk of soil loss on the steep slopes of purple soil could not be ignored. Purple soil slope could be a considerable source of sediment in the Three Gorges Reservoir region. Furthermore, as reported by Niu et al. (2010) , purple soil slope was characterized by overlying thin soil, underlying bedrock, referred to as "binary structure of soil and rock", and the erosion on the steep slope was relatively strong. Therefore, purple soil slope should be evaluated accurately as an important source of soil loss. However, some studies found that with the increase of slope length, sediment delivery increased first (transportlimited) and then decreased (detachment-limited) with distance (Gilley et al., 1985; Zhang and Wang, 2017) . Models by using short slope length might overestimate soil loss rate. Future research should be conducted to investigate the limiting process controlling interrill erosion on purple soil slopes.
CONCLUSIONS
Laboratory rainfall simulation experiments on purple soil slopes were conducted under five rainfall intensities (0.6, 1.1, 1.61, 2.12 and 2.54 mm·min -1 ) and three slope gradients (17.6%, 26.8% and 36.4%). The results showed that surface runoff varied depending on slope gradient and rainfall intensity. Surface runoff on average occupied 67.2-85.4% of the precipitation, which indicated that the process of surface runoff yield was the main hydrological process on purple soil slopes. Interrill erosion was the main erosion form on purple soil slopes. In this study, the main hydraulic parameters (flow velocity V, shear stress τ and stream power W) were selected for the interrill erosion rate prediction. Regression analyses indicated that the linear equations of V, τ and W could be used to estimate interrill erosion rate, however, W with R 2 = 0.862 and ME = 0.862 was the best predictor of interrill erosion rate, followed by V with R 2 = 0.843 and ME = 0.843 and τ with R 2 = 0.721 and ME = 0.721.
In addition, five generally used interrill erosion models were analyzed, the fitness of model followed the pattern: Model 3 (ME = 0.977) > Model 4 (ME = 0.966) > Model 5 (ME = 0.963) > Model 2 (ME = 0.923) > Model 1 (ME = 0.852). The further comparison of the selected models indicated that the convex curvilinear slope factor was superior to linear and power factors in characterising the role of slope. The interrill erodibility used in the Model 3 (WEPP) was calculated as 0.332×10 6 kg·s·m -4 . The results can improve the accuracy of interrill erosion model for purple soil slopes in the Three Gorges Reservoir area.
